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Galvanomagnetic Effects in Many-Valley Semiconductors
for Strong Magnetic and Heating Electric Fields

By
V. V. MitiN

The effect of the heating of electrons on the conductivity of many-valley semiconductors
in strong (but not quantitizing) transverse magnetic fields is studied. It is shown that at
low temperatures the current—voltage characteristic is of S-type, when the main mechanism
of the intervalley scattering of the hot electrons is the emission of inter-valley phonons.
The anisotropy of conductivity is not only reduced but also changes its sign when the elec-
tric field grows. The conductivity in strong magnetic fields can be greater than o, (0, is
6 for H = 0, E,, — 0) within a certain region of the electric field strength. All these effects
take place as a result of the influence of the Hall field on the heating of electrons and their
redistribution with respect to the valleys.

Visy4ueHO BIIMAHWE PA30TPeBa BIIEKTPOHOB HA IPOBOIMMOCTD MHOTOMOJJUHIIOTO
TOMYNPOBOIHUKA [PY HAJMYUN MePUEeHINRYIAPHOTO K TORY CHJIDHOTO (HO He
KBaHTYIOIEeT0) MAarHUTIOTo ItoJjdA, Ilowkasalro, 4To IIpHM HU3KUX TeMileparypax,
KOTJIA ¢ PA30TPEBOM 3JI€KTPOHOB OCIIOBHBIM MCXAHU3MOM MEHSHYAOJUIIIOTO pacces-
HUSI CTAHOBUTCH UCHYCHANUE MEHIYIOJMHHBIX $OHOHOB, BOJbTaMIIEDHAs Xapak-
TepucTuRa — S-o0pasmasi. AHH30TPOTIAA TTPCBOIUMOCTH IIPH pazorpene yMeHD-
aeTcsa u Jaske U3MEHsTeT 3HaK., B HeroTopoil 06JacTH dJIeRTPHUECKHX 1oJiell Ipo-
BOMUMOCTD B CHJBIIOM MATHHUTHOM I110Jie MO3KeT OBITh GoJIblle 4YeM cJafoloaeBas
TPOBOXUMOCTE 0y Iipu E, —~ 0 1 H = 0. Bece paceMoTpeHHble 3((erTH 00y Ca0BIe-
HBl BAUANNEM XO0JJIOBCKOTO 105 HA PA30rpeB HJIeKTPOHOB M UX paclpejescHue
70 TOJAUHAM.

1. Introduction

Some theoretical works dealing with the influence of the Hall field on the
heating of electrons and their redistribution over the valleys in many-valley
semiconductors have been published lately. This problem is very complex and
similar calculations have been performed mainly numerically (see e.g. [1, 2]).
But such calculations do not give conclusive information on the galvanomagnetic
effects. Therefore in a preceding paper [3] we have analysed qualitatively the
galvanomagnetic effects in arbitrary electric and transverse (not quantitizing)
magnetic fields for the simplest case of the bi-valley semiconduetor, the magnetic
field being applied parallel to the symmetry axis of the valleys. The investi-
gation of the galvanomagnetic effects in many-valley semiconductors is con-
tinued in this paper.

It is known (see c.g. [4]) that the conductivity of many-valley semiconduc-
tors is rather anisotropic in strong magnetic fields, when the electrons are not
heated, i.e. it depends on the orientation of the current and the transverse
magnetic field relative to the crystal axes. As will be shown hereafter, at low
temperatures the anisotropy of conductivity does not only reduce but also
changes its sign when electrons are heated. The conductivity increases with
increasing electric field strength, and as in [5] current-voltage (I-U) charac-
teristics of S-type are possible.
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2. Theorctical Foundation

The kinetic equation may be given for the distribution function F,(f ) in each
a-th valley and the collision term does not include the inter-valley scattering
when inter-valley scattering is negligible for the relaxation of energy and mo-
mentum with respect to the intra-valley scattering. The inter-valley scattering
is only considered for the redistribution of carriers among the valleys. Usually,
the distribution function Fl(,“) in the «-th valley will be represented as a sum of

symmetrical (F®) and asymmetrical (F®) parts: ]’W = F®(g} + F®(p). When
quasielastic mechanisms of intra-valley scattering are predominant we have
F® £ F®. An ordinary relation for F(™ and F{ “is obtained if the scattering
of the momentum is characterized by a relaxation time tensor [6}. The equation
for F{*) in the system of main axes of the ellipsoidal energy surface of the a-th
valley is as follows:
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T is the oper ator of intra-valley scattering, the axis 1 is directed along the sym-
metry axis of the olhpbmda] energy surface of the a-th valley.

For the electron current in the a-th valley the following expression is obtain-
ed?!) if we use the relation of F{» and F{™ :

1O = — g (4 + ), Hy) B (@)
where n, is the number of electrons in the a-th valley, and u(3) and H% can be

expressed in the system of the main axes of the ellipsoidal energy surface of
the a-th valley as follows:
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We consider the case of strong magnetic fields, namely

e Toz| yyo To2 2 2y T11
H: H? HH) 1
1 <62 m [ 771/2 + ( 9 + 5) :Is

1) In the following we shall assume that the condition E | H is fulfilled. It is sufficient
for the fulfilment of the last condition in Ge and Si that the magnetic field should be
directed along [100] and [110] type axes.
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i.e. if unity may be neglected in the denominator of the expressions (1), (3), and
(4) for all energies of interest. For example, at a temperature of 77 °K for pure
germanium thls condition is fulfilled for a magnetic field H > 40 kG and the
quantum effect can be ignored up to H = 200 ler

If 7,4e)/tyi{e) = const (hereafter we assume that this condition is valid), it
follows from (4) that M%Z doesnot.depend on heating and on the number of the
valley and for any orientation of axes x y 2

c .
p), = = pl) = M (5)
The following expressions for the tangent of the anisotropy angle tg 9 = 0 =

= E,/E, (from j, = 0) and the conductivity of the sample ¢* arc obtained from
(2) if the main H-dependent term is preserved:

n H I n c?
Gz—gnf—; c¥=enpuHO=en — ;167— (6)
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Here A is the number of valleys. The current is parallel to the x-axis and H is
oriented along the z-axis.

Expression (6) leads to the independence of the Hall constant (R = —1/e n ¢)
on the electric field because in strong magnetic fields the Hall carrent is not
connected with the scattering of electrons [7]. Below we shall analyse only one
of the values 0 or o* because ()f their relationship (6).

The dependence of the conductivity of the sample on the external electric
field E, and on the orientation of F, and H relative to the crystal axes is fully
determined by the transverse conductivity of the sample (6):

A

o] = egl"“ /‘ff,} . (7)
Expression (3) for strong magnetic fields yields
2 2 - m or,
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where f3;; are the directional cosines of the axes #, y, z relative to the main axes
1,2, 3 of the ellipsoidal energy surface of the a-th valley and K= r,z/m {my[14)-

The symmetrical part of the distribution functions in any valley « is of Max-
wellian type:

1

F@) = (e kT Hy =y = 50, pe =y I, . oy =emny o 2 T 11,
at low electric field when no heating of clectrons occurs. Here the anisotropy of
conductivity can be culculated easily (see e.g. [4]).

We shall analyse the change in conductivity due to the heating of electrons
when an inter-valley redistribution arises. For this purpose we rewrite equa-
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tion (1) as follows:
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As we consider strong magnetic ficlds, then § > 1 and in (10) the expression
in the square brackets differs from unity by terms of the order 1/0and 1/62. By
all qualitative arguments we shall consider that the expression in the square
brackets of (10) is equal to unity.

3. Semi-Quantitative Considerations

First we shall consider the case that the momentum scattering time does not
depend on energy:

7i1(8) = 7}p = const(e) . (11
Thus (8) becomes
@ 7 €% my .
Mgy = ftho £y 5 Ho = e Hz:r(; ’ (12)

and the dependence of ¢* on K, is fully defined by inter-valley redistribution.

If all 17, are equal (9), the distribution function and mobilities uie) are equal.
There are no inter-valley redistributions and o* does not depend on the electric
field if the approximation (11) is valid.

We shall investigate the case that the inter-valley scattering time decreases
due to the increase of the mean energy [8] (the reason for this limitation will be
explained later); i.e. the ordinary Sasaki effect takes place {9, 10]: viz. electron
transfer from hot to cold valleys. The case of low temperatures k7' < hwis of
great interest; here % w is the energy of the inter-valley phonon. For electric
fields in which the average energy of electrons & is less than 7 o, the inter-valley
scattering time 7, changes rapidly due to heating, and such a strong inter-valley
redistribution is possible that practically all electrons transfer to the coldest
valley.

As it follows from (10) the clectrons of the valley for which I7, is greater, i.e.
for which the mobility in transverse direction (12) is greater, are hotter.

A

As electrons leave the hot valley, in g = euy > ny, I, the factor n, before
a=1

11, which contributes mainly to ¢ |, is reduced and o | decreases?), whereas the
conductivity ¢*(E,) increases with increasing E,, as long as the inter-valley
redistribution grows. The conductivity reaches a maximum and then drop if the
inter-valley redistribution decrcases. The inter-valley redistribution decreases
because at high heatings for € > 7% w the inter-valley scattering time as function
of mean energy becomes more gradual (see ©.g. [8] where the inter-valley scatter-
ing time versus temperature is represented).

The maximum possible value of conductivity for each orientation can be
estimated providing that all electrons are transferred to the coldest valley:
c? 1 75 1

* — o9 — o2
Omax. = €

Ny = €° 1 .
Ho H? nmin. 7”2 Umiu.

(13)

%) When the inter-valley redistribution increases, ¢ | decreases because the weights of
all 11, are equal (n, = ny) when i, — 0.
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Table 1
H|| E,| ‘ germanium silicon
axis | axis E,—0 i B E,—0 | E,
) B I i N R
\ f - !
J {100] (K )3 K const (&,) 9 K, . 3K
(13 2K)2? (K L2)2K+ 1) 142K
[0o1] |——> R~ = 7 SN e S
[110] (K +2) ‘\ 3K 18 K® 3K
L T21{)’ ‘ 1+2K (K—(— (1+‘>K) 1+2K
[100] | —— 9K ‘ 1 9K ‘ 3K
K 1K1 (K+2)(‘>K )y . 112K
} ) I - T ”fwk o
{0117 | [011] | 9K . 3K C9K(E 1) 3K
‘ZTK)(ZK—{— (4 1) 12K J (K+ NEK|-1) 142K
o \ 27 K 1 9K ‘ TK(K 1) | 9K(K+1)
| 5K +TTK 15 TK+2 |(KE 13K +-4) @K+ 1),6K+1) 2K+1)
0
=22 o for Ge K < 19.2, for Si K < 4.7,
My Ty

Table 1 gives the values of o* /o, for Ge and Si for several directions of electric
and magnetic fields. Here

]- go v
oy, = €2 n—- (2 T2 + }:}}—) (14)

3\ my, my

is the isotropic conductivity if B, - 0, H = 0. FE; is the value of the electric
field £, for which ¢*(¥,) has its maximum value.

Table 1 shows that for a few directions of E, and H o5, > 6, This is con-
ditioned by the fact that all electrons transfer to the valley where their mobilities
in w-direction are greater than the isotropic low-field mobility oyfe n. (We re-
member that electrons transfer to the valley with the smallest 77,. It follows
from (9) that the smallest value of I7, is cqual to unity and (13) gives omax., max. =
= e2 n 13, /m,. This value of conductivity is (2/3 + 1/k)~! times greater than g,.)

The anisotropy of conductivity reduces and even changes its sign (see Table 1)
because, if one of the I7, (and consequently o for £, — 0) increases, the other
11, which determine ¢, , decrease in cubic crystals (9), when the directions of
the a-, y-, z-axes relative to the crystal axes are changed.

4. Intra-Valley Scattering by Acoustic Phonons

First we have analysed the case 7;;(¢) = const.

Though it is an idealized case all the results obtained are true at low tem-
peratures if the main mechanism of inter-valley scattering of hot electrons is the
emission of inter-valley phonons. In this case the inter-valley scattering time 7,
decreases quickly when the clectric field grows. Due to this, o*(#,) is mainly
determined by 7,(H,) and not, as usually, by pu,(E,), because the latter changes
gradually with respect to 7, with increasing electric field. In this case the approx-
imation (11) is justified and all the results obtained in Section 3 are true for any
quasi-elastic mechanism of intra-valley scattering.

9 physica (b) 49/1
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Section 3 did not deal with the case in which the inter-valley scattering time
increases with increasing mean cnergy ¢ (intcr—valley scattering by impurities
[8]) as 7, changes gradually with growing e [10, 11].. In the given case, as well
as at high temperatures and high hca‘rmo of the electrons at & = % o, the contri-
butions of inter-valley redistribution and the changes in moblhtv to the depend-
ence of 6% on K, are comparable and the approximation (11) is not justified.

To confirm these qualitative results, we consider a pure semiconductor, in
which the energy (7,= 14 1/kT/e and momentum (7;4(e) = 75 1/Ll’/é are
determined by scattering by acoustic lattice vibrations. For such scattouno the
collision term of the Lmotlc equation (10) is as follows:

Tre 9@ d [g < v d)F(*)} (15)

e, de

Then equation (10) can be solved eagily (sec e.g. [12]) and the distribution fune-
tion in each a-th valley proves to be a _Mamvdhan function with effective elec-
tronic temperature 7',
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oy and 0, are ¢¥ and 0 when E, — 0.
The mobility (7) calculated by means of this distribution function is a power

function of 7',:
_ Ta 7 8 s
oy = o fa 3yme H2y, ” (18)

As in pure semiconductors the inter-valley scattering takes place via lattice
vibrations [8, 8], we obtain the following expression for the inter-valley scat-

tering time 7, (sec e.g. [13]):
( ;’ ‘;) )’f]‘fr ( 1.- ]L) i
} T [
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where K (z) is a bossvl function.
As 7', depends on ¢* (16), we obtain the transcendental equation for o* from

(6)%):
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Wo shall analyse the main features of the dependence of ¢%/o on E,.
. - . .. . . Ty 1 2 ng
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used. We obtain n, = -——-—{rom the cquilibrium condition taking iuto consideration
Z 77/3
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I, =Hthen T, = T, C, = C,and (20) gives

a* (VI 4Tyt )“2
oF 2112
i.e. 6*/of decreases when K, grows.

For high temperaturcs or high electron heating (£7', > 71 w)

ot 1 [T
= - 22
O'f)% )» (x% ]/7’0‘ ’ ( )

ie. o*/of docreases with increasing electric field as in the case (21) and for
) 1 A1 \1/2
T T (16), O = (7t ~ 7) )
g ll/y ar—ljla
But at low temperatures (k7', << % w), from (19) follows

fiaw AN -1
Ve == 2 (1 + emr( - EX)) . (23)

(', changes rapidly with respect to 7', (and also p$)) when the electric field
increases. Therefore an increase of the clectric field leads to the reduction of the
factor C, ofthe term with the greatest l/]"J/T I7,. the greatest term O }/T&/T i,
thus decreases and o*/o¥ increases.

From (20) it follows that if O is determined by expression (23) and not all I7,
are equal (in alternative case see (21)), o*/of reachesits maximum value approx-
imately for the clectric field &, when

A

2O N N
T Slw (24)
>0, V,;na pme
a=1 -

Here and hereafter the f§ valley should be the coldest valley. Then o%/of de-
creases with increasing .

If 71, differs significantly in different valleys, as it is the case for all orienta-
tions given in Table 1 except for H|| [001], E,[| [100]in Ge, we obtain C) > C, .,
in low electric fields when (T, — 1)/ << 1 (but (7,., — 1)/T ~1). So the
maximum value of o*/of is

=4t
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2 A 21,
o a=1 ael
— — - : = e (25)
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The ratio (¢%/0§ )y, is determined by the same expression (25) as (13), when
condition (11} is fulfilled. Thus the expressions for ¢*/g,, when H, — G and
By = E,, arc the same as in Table 1if 4 o > k7', the only difference is that all
values of ¢%/g, are 32/9 7 =~ 1.13 times less than the corresponding values in
Table 1. Thisfactor is determined by the dependence of the momentum scattering
time on-energy. Now if we consider K = 1 (isotropic semiconductor), the magne-
toresistance will not be equal to zero as it is the case in relation (11).

Ohax., max > 0g if cnergy and momentum arc scattered by acoustic phonons
becausc 32/9 7 < 3 K/(1 + 2 K). But if H = 0, the conductivity ¢(£) decreases

oF
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Tig. 1. Conduetivity LB in stlouc' magnetic

Iulds for n-type Ge at 20 °K, F, =86V /cm (1)

H || [001], Ex{| [100]: (2), (3), (4) H |[{011]; E.{l
[100], 0117, [111]

I | | I
D5 p5 7 7§ WA W W
f)(/fc -

because the mobility reduces, and additionally the clectrons are transferred to
the coldest valley (valley with lowest mobility in the direction of the current),
with increasing electric field {9, 13, 14]. At low temperatures the decrease of ¢
can be so sharp due to the growth of E, that the I-U characteristics can be of
N-type [14]. As the electric field grows, ¢ decreases more for that direction of
current for which ¢* increases, and negative magnetoresistance occurs not only
via relation (11) but also in ‘(he gencral case of kT & 1t o if inter-valley scatter-
ing by lattice vibrations is plodomman‘o

As ¢* grows due to the increase of the electric field, the differential conductiv-
ity 04 = dj/dE may extend to infinity [5]. Applying (20), we can write down
the following condition for o4 = oo:

P A
2 2 Oy
=1 x=1 3
I J/f =1. (26)
0 (é'%i) a% Cs ]/ [l Ky=const

Here the dependences of O, and 7', on o*/s§ are defined by the expressions (19)
and (16). If not all I7, are equal, the equation (26) has two solutions at low tem-
peratures (C, from (23)), which means that the I-U characteristics are of S-type.

Fig. 1 and 2 represent the dependences of o*/of on E, for Ge at 20 and 78 °K
for some directions of E, and H, which have been obtained from (20). As Fig. 1
shows, I-U characteristics of S-type are rcalized indeed. At 78 °K (Fig. 2)
c*(H,) goes through a maximum, the anisotropy of conductivity changes its
sign, but ¢* < g, and I-U characteristics of S-type are absent. This is due to
the fact that the inter-valley scattering time is a relatively weak function of
heating and equation (26) has no solutions.

Fig. 2. Conductivity o* vs. Ep in strong magnetic
Il&lds for n-type Ge at 78 °XK. Es = 33.6 Viem;
(1): H || [001], FxH [100]; (2), (3), (4): H || [011};

1 i
ar gz 45 1 2 5 W0 500 IH1001 10111, [111]
16—
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In strong magnetic fields /-U characteristics of S-type occur for the same
directions of the current for which they were of N-type when # = 0. The cause
of the existence of I-U characteristics of 8- and N-types are the same, viz. the
inter-valley redistribution of clectrons. Thus we can proceed from /-Ucharac-
teristics of N-type to I-U characteristics of S-type by increasing the magnetic
field.

In conclusion we shall state that the Sasaki effect is “turned over” in strong
magnetic fields in the sense that the valley which was the coldest for H = 0 will
necessarily become the hottest for H — co. The cause of this phenomenon lies
in the fact that the effective heating field is directed along the y-axis (£, > £,
when H — oo, while it is directed along the z-axis when H = 0.
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